Phytophthora blight, caused by Phytophthora capsici, is a limiting factor for the production of pepper (Capsicum annuum) and squash (Cucurbita pepo), frequently causing devastating disease losses (26) . Most current commercial pepper varieties are either very susceptible or only partially resistant, and disease management is achieved mainly by a combination of cultural practices, crop rotation, and use of fungicides (13, 26) . The systemic phenylamide fungicide mefenoxam, which is closely related to metalaxyl, is widely used to protect susceptible hosts against P. capsici in North Carolina and elsewhere. However, development of resistance to these phenylamides among members of the oomycetes, including the genus Phytophthora and especially P. infestans, has been known for over two decades (8) (9) (10) (11) 14, 19, 21, 25, (28) (29) (30) .
Resistance to metalaxyl in populations of P. capsici was first demonstrated experimentally in the laboratory in the 1980s (1-4). Bruin and Edington (3) showed that resistance in isolates of P. capsici was induced by successive transfers to sublethal doses of metalaxyl. These isolates were generally cross-resistant to other related fungicides. The authors also found that the resistant isolates generally grew much more slowly than parent strains on unamended V8 juice agar, suggesting reduced fitness in the absence of selection pressure from the fungicide. In addition, most of the adapted isolates reverted to sensitivity after successive transfers on unamended media (3), indicating that resistant isolates obtained by adaptive selection in vitro were less fit than the wild types. On the other hand, Bower and Coffey (2) induced metalaxyl resistance by chemical mutagenesis and found that most resistant isolates remained tolerant to metalaxyl and related fungicides without any loss of pathogenicity after many transfers in the absence of selection pressure (i.e., in unamended cornmeal agar [CMA] ). These authors suggested that there was a risk of development of phenylamide resistance in populations of P. capsici under field situations. Nevertheless, in contrast to "aerial" Phytophthora species, such as P. infestans, field resistance to phenylamides in P. capsici populations occurred much later, possibly related to the significant soilborne phase in the pathogen life cycle or less use of the fungicide by pepper growers (22) .
Significant insensitivity of isolates of P. capsici in the field to mefenoxam was first detected in pepper isolates from North Carolina and New Jersey in 1997 (21, 22) . More recently, there have been reports of resistance to phenylamides among P. capsici isolates from cucurbitaceous crops elsewhere (16, 17, 24) . However, mefenoxam is still one of the most popular fungicides for the control of oomycetes, and is still used in North Carolina for management of disease caused by P. capsici. The fungicide is still recommended for control of the disease (20) . Destructive epidemics of Phytophthora blight on both pepper and squash crops have been reported in fields where the fungicide is used in North Carolina, suggesting that the chemical control was not efficient.
Assessment of fungicide insensitivity is often done in vitro. Studies on the fitness and ability of mefenoxam-resistant isolates of P. capsici to cause disease are examined less frequently. Aggressiveness has been used as an indicator of noncompetitive fitness of fungicide-resistant isolates. In some instances, fungicide-resistant mutants may have lower fitness than the wild types, a trait that may be useful in devising fungicide management strategies for extending the chemical effectiveness (32) . However, this may not hold true for oomycete resistance to metalaxyl (6, 7) . Moreover, within the genus Phytophthora, isolates of P. infestans (14) and P. nicotianae (31) resistant to metalaxyl were more aggressive than their sensitive counterparts. The relative fitness of isolates of P. capsici resistant to mefenoxam is unknown.
We assessed the mefenoxam sensitivity of 75 isolates of P. capsici from populations collected in North Carolina in vitro and also conducted further tests in vitro and in planta to contrast biological and parasitic components of the life cycle of resistant and the sensitive isolates. A preliminary report of this study has been published (5) .
MATERIALS AND METHODS
Assessment of sensitivity to mefenoxam in vitro. Seventy-five isolates of P. capsici were collected in the 2001 season from one squash and five pepper fields in North Carolina. Host tissue was surface-disinfected with 0.05% sodium hypochlorite for 1 min, and isolations were made on KM medium (15) amended with hymexazol (50 µg ml -1 ). Petri dishes were incubated for 5 to 7 days in the dark at 24°C, and colonies with characteristics of P. capsici were transferred to clarified V8 juice agar (200 ml of clarified V8 juice, 800 ml of deionized water, 17 g of agar). V8 juice was clarified by filtration through a Whatman no. 4 filter after the addition of 2 g of CaCO 3 , followed by centrifugation at 4,340 × g for 10 min. The pathogen was identified based on colony characteristics on CMA, sporangial morphology on V8 juice agar, and by polymerase chain reaction (PCR) using the PCAP primer (27) following DNA extraction following a fast procedure (18 (22) . Isolates were characterized as sensitive if colony growth on media amended with 5 µg ml -1 mefenoxam was less than 40% of that on unamended media. Intermediate isolates exhibited growth on media amended with 5 µg ml -1 greater than 40% of that on unamended media, but growth on media amended with 100 µg ml -1 less than 40% of that on unamended media. Resistant isolates exhibited growth on media amended with 100 µg ml -1 greater than 40% of that on unamended media (22) . The experiment was repeated twice.
Rate of mycelium growth and capacity of sporangium production in unamended medium. Sporangium production was induced in nonclarified V8 juice agar. V8 juice agar cultures were incubated in the light at 24°C for 72 h. Numbers of sporangia produced per plate were estimated after addition of 15 ml of water per plate and subsequent sporangia extraction by gently rubbing agar surfaces with a glass loop, followed by collection of the sporangia suspension through cheesecloth and direct counts with a hemacytometer. Three experiments were performed with random combinations of isolates from different fields and hosts. Experiments A, B, and C contrasted 3 resistant and 3 sensitive, 3 resistant and 2 sensitive, and 4 resistant and 4 sensitive isolates, respectively. Results were analyzed individually by isolate and also pooled by sensitivity categories in each experiment.
Aggressiveness in planta in the presence or absence of mefenoxam. Pepper seed (cv. Camelot) were planted in Styrofoam trays in potting mix and transplanted after 9 weeks to 6-in. pots (1.7 liter volume) filled with vermiculite. Two to six days after transplanting, the soil was drenched with water or a solution of 5 µg ml -1 mefenoxam prepared from commercial Ridomil Gold EC (48% a.i. mefenoxam). Two days after the fungicide treatment, transplants were inoculated at the crown region with a 3-ml sporangium suspension consisting of either resistant or sensitive isolates at concentrations from 10 3 to 10 4 units/ml. Sporangia were produced and quantified as described previously and their numbers adjusted by dilutions with water so that all plants were inoculated with the same concentration of sporangia within each of four different experiments.
Isolates of P. capsici that were determined to be resistant or sensitive in in vitro experiments were tested for their aggressiveness in planta. Four sets of resistant isolates, including R5-2, R6-2, R19-2; R15-1, R16-2, R17-1, R18-2, R20-3; R1-2, R2-2, R16-2; and R1-2, R2-2, R6-2, R20-2, and four sets of sensitive isolates, including S8-1, S10-1, S10-2; S7-2, S8-3, S9-2, S9-3; S9-2, S-Re9-2; and S11-1, S12-2, S9-2, S-Re9-2, were evaluated. Inoculum concentrations ranged from 4 × 10 2 to 4 × 10 3 sporangia/ml. Inoculated plants were between 7 and 12 weeks old. The experimental design was a factorial with two factors: isolates resistant or sensitive to mefenoxam and soil drenches of mefenoxam at two concentrations (water drench or 5 µg ml -1 mefenoxam drench). There were three replicate pots. One replicate (experimental unit) consisted of a pot with two to three plants per pot (subsamples). All pots were watered daily. Disease incidence was evaluated daily after inoculation, and disease progress through time was obtained for each treatment. Disease progressed from wilting plants to plants with stem lesions that expanded upward from the soil line. The rates of disease progress on plants in each treatment were used as estimates of respective aggressive levels of individual resistant or sensitive isolates in each experiment. Rates of disease progress were estimated and compared using an exponential model and the NLIN procedure of the SAS software (SAS Institute, Cary, NC) with disease as the dependent variable.
Stability of sensitivity and resistance to mefenoxam. Some plants inoculated with sensitive isolates in mefenoxamdrenched pots also became diseased 2 weeks after soil fungicide drench. Therefore, reisolations from these plants with symptoms that had been inoculated with sensitive isolates and treated with mefenoxam were performed on water agar or KM medium to determine the stability of sensitivity to mefenoxam. Growth rates of these reisolated cultures of P. capsici on V8 agar amended with 0, 5, and 100 µg ml -1 mefenoxam were measured in replicated tests and compared with the growth rate of their original corresponding parent field isolates. This procedure was repeated for the group of resistant isolates. Reisolations were done from all plants inoculated with isolates of P. capsici that were resistant to mefenoxam in vitro, and from plants in pots both treated and not treated with mefenoxam. For estimating the stability of resistance to the fungicide, the response to mefenoxam of the reisolated pathogen was compared with that of the original corresponding parent isolate.
RESULTS
Assessment of sensitivity to mefenoxam in vitro. The frequency of metalaxyl-resistant isolates of P. capsici was 63%, and the frequency of sensitive isolates was 37%. No isolates were classified as intermediate in sensitivity, sensu Parra and Ristaino (22) . All isolates from two pepper fields and the squash field were resistant to mefenoxam (Table 1) . Pepper field 2 had a mix of both sensitive and resistant isolates, and pepper fields 3 and 4 had only sensitive isolates (Table 1) . Growth of resistant isolates on mefenoxam-amended media was usually ≥80 to 90% and ≥100% of the nonamended control at the 100 µg ml -1 (Fig. 1) and 5 µg ml -1 levels, respectively. Sensitive isolates did not grow at 5 µg ml -1
, and no intermediate isolates were found (22) . Reaction of each individual isolate to mefenoxam remained stable in the two repeated experiments.
Rate of mycelium growth and capacity of sporangium production in unamended medium. The overall rate of colony growth varied among individual isolates (not shown) and did not correlate with reaction to mefenoxam, host crop, or field of origin. Pooled average rate of growth of resistant isolates on clarified V8 juice agar was 93% of the pooled average rate of growth of sensitive isolates, and there were no significant differences between the two groups (Fig. 2) . Numbers of sporangia recovered from plates were usually in the order of 10 3 ml -1 and varied among isolates (not shown). There were also no significant differences in numbers of sporangia produced between the resistant and the sensitive isolates (Fig. 3) .
Aggressiveness in planta in the presence or absence of mefenoxam. A mefenoxam treatment of 5 µg ml -1 completely suppressed disease caused by sensitive isolates of P capsici for approximately 10 to 12 days after soil drench with the fungicide (Fig. 4) . Symptoms appeared later on mefenoxam-treated plants inoculated with sensitive isolates (Fig. 4) . In contrast, disease progressed rapidly in plants inoculated with resistant isolates (treated or not treated with mefenoxam) or nontreated plants inoculated with sensitive isolates (Fig. 4) . Disease protection against mefenoxam-sensitive isolates of P. capsici was less in experiment D, in which plants were inoculated younger (7 weeks old), than in the other three experiments (Fig.  4D) . First symptoms in mefenoxam-treated plants inoculated with sensitive isolates occurred 14 to 16 days after soil drench in experiments A to C, but after 11 days in experiment D (Fig. 4) . In all experiments, there were no clear differences in aggressiveness between the resistant isolates (whether treated or untreated with mefenoxam) and the sensitive isolates in the absence of mefenoxam (Fig. 4A to D) . Disease progress curves were best described by a modified exponential model, y = 2 -2·exp(r·t) (P < 0.0001), and the rates of disease progress between resistant isolates treated or untreated with mefenoxam and the sensitive isolates in the absence of mefenoxam were not significantly different (P > 0.05) when compared using a full model of the NLIN SAS procedure ( Table   2 ). The full model considers all three treatments (Table 3) for the construction of one explanatory curve, while partial models consider two out of the three treatments.
The rates of disease progress of the mefenoxam-resistant and -sensitive isolates of P. capsici in pots drenched with water were contrasted as estimates of their respective aggressiveness in the absence of selection pressure. The F test was used to compare differences between two treatments [(SS FM -SS PM )*(PAR FM -PAR PM ) -1]/MS FM , where SS = sum of squares of the residuals for the full model (FM) or the partial model (PM), PAR = parameters considered for each model, and MS = mean square. In all experiments, there were no differences in the rate of disease progress for the mefenoxam-resistant and -sensitive isolates of P. capsici in the absence of selection pressure by mefenoxam (Table 3) . When isolates were compared by the host of origin, isolates from squash (all resistant) were as aggressive as the pepper isolates (sensitive or resistant) to the pepper host (data not shown).
Reaction to mefenoxam in vitro was stable in all reisolations after one pass through plants (data not shown). All sensitive isolates retrieved from plants grown in soil drenched with 5 µg ml -1 mefenoxam were as sensitive in vitro as the original isolates. The same was true for the resistant reisolates: resistant isolates retrieved from plants grown in soil drenched with water were as resistant in vitro as their counterparts retrieved from plants grown in soil drenched with 5 µg ml -1 mefenoxam or the original parent isolates kept in CMA slants.
DISCUSSION
Sixty-three percent of the isolates retrieved from pepper and squash fields in 2001 in North Carolina were resistant to mefenoxam. These levels are only slightly higher than the levels detected in 1997 (59% resistant isolates) and reported by Parra and Ristaino (22) , suggesting that the frequency of resistance among P. capsici isolates has been stable over time in North Carolina. Also, mefenoxam had not been applied on the two fields where no resistance was found. Response to mefenoxam also remained stable during the course of experiments in vitro and in planta. Most resistant isolates usually grew at rates more than 80% (frequently more than 90%) of the unamended control at the 100 µg ml -1 level and more than 100% at the 5 µg ml -1 level (Fig. 1) . Enhanced (i.e., >100%) growth rates of resistant isolates in fungicide-amended media are often found in in vitro studies with Phytophthora species, including P. capsici (22) .
In unamended V8 juice medium, neither the rate of colony growth nor the rates of in vitro sporulation suggested any level of reduced fitness for the resistant isolates. Although these variables varied among individual isolates, the differences could not be explained as a function of the isolate response to mefenoxam. Radial rates of colony growth in unamended media were similar among isolates, with relative growth rates of resistant isolates 93% of the sensitive ones (Fig. 2) . Lack of significant differences in the rate of growth of resistant and sensitive isolates in unamended media was also found among naturally occurring field isolates of P. infestans (14) . In contrast, in earlier reports on P. capsici, the relative rates of colony growth of metalaxyl-resistant isolates obtained by in vitro selection were only 70 to 80% of the sensitive ones (3). Thus, adaptation to metalaxyl was associated with reduced fitness in the absence of selection pressure (3). In contrast, we did not observe reductions in fitness among the mefenoxam-resistant isolates recovered from the field. This indicates that the pathogen may have developed different mechanisms of insensitivity to acylalanines when resistance is induced in vitro versus when resistance arises naturally from selection pressure in the field. This needs further investigation. In addition, the prior study was done with metalaxyl, while our study tested the active enantiomer of metalaxyl, mefenoxam.
Ferrin and Rohde (12) described the in vivo expression of resistance to metalaxyl by one nursery isolate of P. parasitica from Catharanthus roseus, and Timmer et al. (31) studied the competitive parasitic ability of metalaxyl-resistant isolates of P. nicotianae. Estimates of aggressiveness levels of isolates of P. capsici resistant or sensitive to mefenoxam have not been reported, and our results indicate no loss of aggressiveness to the pepper host concurrent with fungicide resistance. Results obtained with use of the 5 µg ml -1 soil drench were clear, and the same trend was found in all experiments (Fig. 4) . When disease among plants inoculated with sensitive isolates not treated with mefenoxam, and resistant isolates treated or not treated with mefenoxam was compared, no significant difference among them was found. In addition, aggressiveness of resistant and sensitive isolates of P. capsici in nontreated plants in the absence of selection pressure was also similar. This contrast is a useful measure of the noncompetitive fitness in the absence of selection pressure and clearly shows that there is no loss of virulence concomitant with the gain of resistance to mefenoxam. Higher disease levels in experiment D (Fig. 4D) may be explained by inoculation of younger, more susceptible plants, and possibly by less efficient uptake of mefenoxam by their relatively smaller root systems. The fact that isolates from squash were as aggressive to the pepper host as the pepper isolates presents even more challenges for the management of this pathogen for both crops. Although there have been recent reports of insensitivity of P. capsici to mefenoxam on Cucurbitaceae elsewhere (16, 17, 24) , occurrence of a mefenoxam-resistant population of P. capsici on squash in North Carolina is reported here for the first time.
Our results suggest that use of mefenoxam alone should be discontinued in fields where resistant isolates are found, even if they do not account for the majority of isolates. Because of cross-tolerance of metalaxyl-mefenoxam and other acylalanines (2), all related compounds should not be used. Alternative fungicide options include phosphorous acid, ethyl phosphonates, Kocide, or chlorothalonil, dithiocarbamates, carbamates, or several new fungicides that target oomycetes for which cross-resistance to mefenoxam has not yet been reported. Interestingly, in places where phenylamide fungicides are marketed in mixtures with other chemicals such as dithiocarbamates, resistance levels among populations are much lower than in North Carolina. In a recent survey in Brazil where metalaxyl is marketed in mixed formulations with mancozeb, 94% of the isolates from pepper fields were sensitive to metalaxyl (23) . On the other hand, even fields where most isolates are sensitive are not protected from the introduction of resistant isolates of P. capsici with irrigation water or infected transplants. The successful establishment of fungicide resistant populations in a new field is dependent on the competitive fitness of the isolates. Although our results clearly show no reduction in noncompetitive fitness associated with acquired resistance to mefenoxam, a competitive study with resistant and sensitive isolates inoculated simultaneously in planta, including population dynamics, needs to be done.
Another remaining question regards the ability of the resistant isolates to survive in soil. Survival of the pathogen in soil is an important epidemiological component of disease caused by P. capsici (26) . Indeed, it is generally accepted that resistance to fungicides is slower to develop when the pathogen has a significant soil survival phase in its life cycle. Certainly, reports of resistance to metalaxyl-mefenoxam in P. capsici were delayed compared to other oomycetes that do not have a significant soil phase in their life cycle, such as P. infestans, Peronospora tabacina, Plasmopara viticola, Pseudoperonospora cubensis, and Bremia lactucae (19) . The rate of survival of resistant and susceptible isolates of P capsici in soil should also be assessed in future studies in order to characterize the parasitic and saprophytic abilities of P. capsici isolates resistant to mefenoxam-metalaxyl. In addition, further studies are warranted to study the impact of new formulations of fungicide mixtures (Ridomil Gold/Bravo) that are labeled on the population dynamics of fungicideresistant populations.
